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Abstract

Background: Pyruvate kinase (Pyk) catalyzes the generation of pyruvate and ATP in glycolysis and functions as a
key switch in the regulation of carbon flux distribution. Both the substrates and products of Pyk are involved in the
tricarboxylic acid cycle, anaplerosis and energy anabolism, which places Pyk at a primary metabolic intersection.
Pyks are highly conserved in most bacteria and lower eukaryotes. Corynebacterium glutamicum is an industrial
workhorse for the production of various amino acids and organic acids. Although C. glutamicum was assumed to
possess only one Pyk (pyk1, NCgl2008), NCgl2809 was annotated as a pyruvate kinase with an unknown role.

Results: Here, we identified that NCgl2809 was a novel pyruvate kinase (pyk2) in C. glutamicum. Complementation
of the WTApyk1Apyk2 strain with the pyk2 gene restored its growth on D-ribose, which demonstrated that Pyk2
could substitute for Pyk1 in vivo. Pyk2 was co-dependent on Mn?* and K* and had a higher affinity for ADP than
phosphoenolpyruvate (PEP). The catalytic activity of Pyk2 was allosterically regulated by fructose 1,6-bisphosphate
(FBP) activation and ATP inhibition. Furthermore, pyk2 and IdhA, which encodes L-lactate dehydrogenase, were co-
transcribed as a bicistronic mMRNA under aerobic conditions and pyk2 deficiency had a slight effect on the
intracellular activity of Pyk. However, the mRNA level of pyk2 in the wild-type strain under oxygen deprivation was
14.24-fold higher than that under aerobic conditions. Under oxygen deprivation, pyki or pyk2 deficiency decreased
the generation of lactic acid, and the overexpression of either pyk! or pyk2 increased the production of lactic acid
as the activity of Pyk increased. Fed-batch fermentation of the pyk2-overexpressing WTApyk! strain produced 60.27
+1.40 g/L of lactic acid, which was a 47% increase compared to the parent strain under oxygen deprivation.

Conclusions: Pyk2 functioned as a pyruvate kinase and contributed to the increased level of Pyk activity under

oxygen deprivation.
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Background

Pyruvate kinase catalyzes the transphosphorylation from
PEP to ADP to generate pyruvate and ATP in glycolysis
[1]. Pyks are highly conserved in both eukaryotes and
prokaryotes [2, 3]. In mammals, four types of Pyk isoen-
zymes (M1, M2, L and R) with different kinetic proper-
ties are distributed in various tissues to satisfy the
diverse metabolic requirements. Most bacteria and lower
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eukaryotes have only one form of Pyk. However, there
are two identified Pyk isoenzymes in Escherichia coli,
Salmonella typhimurium and Saccharomyces cerevisiae.
The activities of Pyks are dependent on a bivalent and/
or a univalent cation (Mn**/Mg** and/or K*) [1]. In the
majority of organisms, Pyk is a homotetramer that exhibits
inactive/active reversible allosteric mechanisms [4]. The
functional forms of Pyks are divided into the following two
broad types based on their allosteric effectors: type I is allo-
sterically activated by FBP, whereas type 1I is allosterically
activated by AMP and monophosphorylated sugars [1].
The allosteric behavior of Pyk allows it to be an important
switch point for the regulation of carbon flux distribution.
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The two most studied allosteric Pyk isoenzymes are
those of E. coli and S. cerevisiae. In E. coli, PykF exhib-
ited higher activity than PykA in vitro, and PykF and
PykA played different roles in pyruvate synthesis and cell
growth [5-7]. In S. cerevisiae, FBP-activated Pyklp was
the major enzyme that catalyzed the conversion of PEP
to pyruvate, whereas Pyk2p with relatively low enzymatic
activity was insensitive to FBP and subject to glucose re-
pression, which suggested that Pyk2p played a major
role under conditions of low glycolytic flux [8]. To date,
little is known about other Pyk isoenzymes and their
physiological function in other bacteria.

Corynebacterium glutamicum is widely used for the
industrial production of various amino acids and vita-
mins during aerobic cultivation due to the robustness of
its genetic modifications and fermentation [9]. Under
oxygen deprivation, C. glutamicum can primarily convert
glucose to pyruvate, which is an intermediate for the
production of organic acids and amino acids despite the
cessation of growth [10-13]. Two genes [NCg/2008
(pykl1) and NCgl2809 (pyk2)] were annotated as pyruvate
kinases in the genome of C. glutamicum ATCC 13032
[9]. The deletion of pykI resulted in marginal Pyk activity
that was below the detection limit, which supported the as-
sertion that C. glutamicum possessed only one pyruvate
kinase [14, 15]. Pykl exhibited high catalytic activity using
Mn** or Co** as a cation and subjected to AMP activation
and ATP inhibition [16]. The expression of pykl was re-
pressed by the global transcriptional regulator SugR, which
binds to the promoters of many target genes involved in
glycolysis (i.e., gapA, pfkA, fba, eno, pykl and ldhA) to
regulate sugar metabolism [17, 18]. The deletion of pykI
led to decrease biomass and increase glutamic acid produc-
tion [14]. Therefore, Pykl functioned as an effective meta-
bolic engineering node for the production of various
metabolites [19]. The genetic organization of the homolo-
gous pyk2, which is adjacent to [dhA, exists in many Cor-
ynebacterium species. However, the function and biological
significance of Pyk2 has not been understood.

In this study, we identified NCgl2809 (Pyk2) as a func-
tional pyruvate kinase in C. glutamicum. Pyk2 exhibited dif-
ferent enzymatic properties compared to Pykl and could
substitute for Pykl in vivo. Under oxygen deprivation, pykl
or pyk2 deficiency decreased the generation of lactic acid,
and the overexpression of either pykI or pyk2 increased the
production of lactic acid.

Results

Pyk2 is a pyruvate kinase in C. glutamicum

NCgl2809 was annotated as a pyruvate kinase in the
genome of C. glutamicum ATCC 13032 (WT). This gene
is adjacent to ldhA and distant from pykI (Additional
file 1: Figure Sla). A protein homology search and align-
ment indicated that Pyk2 had moderate sequence
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identity to the functionally identified Pykl of C. glutami-
cum (32%), PykF of E. coli (30%) and PykA of E. coli
(27%), but showed high sequence identity to the anno-
tated homologs from other species of Corynebacterium.
Using the PykF crystal structure from E. coli (PDB code
1PKY) as a template, the secondary structure of Pyk2,
which ranged from 128 to 213 residues and 346 to 606 res-
idues, consisted of 12 a-helices and 16 -strands structures.
This structure was similar to the catalytic domain A of
PykF (Additional file 1: Figure S1b and c), in which the
GDLGVE motif served as the PEP binding site and the
conserved sequences assisted the FBP allosteric regulation.
A long extra N-terminal sequence of 120 amino acids made
Pyk2 (67.6 kDa) larger than other typical bacterial Pyks
(51 kDa).

To demonstrate the function of Pyk2 in vivo, the pyk2
and/or pykl genes were deleted in the chromosome. The
WTApyklApyk2 strain grown on glucose under aerobic
conditions exhibited only a slightly lower growth rate than
the WT strain (P < 0.05), which indicated that the conver-
sion of PEP to pyruvate during glucose transport by the
phosphotransferase transport system (PTS) could supply
pyruvate for cell growth (Additional file 1: Table S1). To
eliminate the effect of the pyruvate generated from the glu-
cose transport on growth, b-ribose, which was imported by
the ribose-specific ATP-binding cassette transport system,
was employed as the sole carbon source to evaluate the role
of Pyk isoenzymes under aerobic conditions [20]. As shown
in Fig. 1a, the WTApyk2 strain showed similar growth
compared to the WT strain. However, the WTApykI strain
showed a 52% decrease in the final biomass and the
WTApyklApyk2 strain failed to grow when D-ribose was
the sole carbon source, which suggested that the pyk2 gene
maintained cell growth on D-ribose to some extent. More-
over, complementation of the WTApykl strain with the
PYk2 gene restored its growth in the same manner as the
pykl gene (Fig. 1b), which indicated that Pyk2 could substi-
tute for Pykl in C. glutamicum. Furthermore, comple-
mentation of the WTApyklApyk2 strain with pykl and
pyk2 completely restored its growth (Fig. 1c). In addition,
the overexpression of pyk2 in the WTApyklApyk2 strain
made the specific activities of Pyk (448.81 + 19.25 mU/mg)
comparable to that of overexpression of pykl (458.76 +
7.99 mU/mg) in the WTApyklApyk2 strain. Altogether, our
results strongly supported that Pyk2 functioned as a pyru-
vate kinase in vivo.

Enzymatic properties of Pyk2

To detect the activity of Pyk2 in vitro, the pyk2 gene of C.
glutamicum was expressed in E. coli BL21 (DE3) using the
pET-28a expression system. N-terminal His-tagged Pyk2
exhibited similar activity to Pyk2 with the His-tag removed
by thrombin cleavage. After further purification using ion
exchange chromatography, the recombinant Pyk2 showed
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an approximately 12.81-fold purification with a yield of 37%
and a specific activity of 1.64 U/mg. The molecular weight
of the recombinant Pyk2 subunit was 67,572 Da (Fig. 2a).
Gel filtration chromatography yielded a 430,881 Da fraction
that corresponded to the predicted size of a homohexamer,

Fig. 1 Growth of C. glutamicum strains on CGXII medium with 100 mM
D-ribose under aerobic conditions. C. glutamicum strains were aerobically
pre-cultivated in 50 mL of CGlIl medium. After washing the cells in CGXIl
minimal medium, the cultures were inoculated to obtain optical densities
at 600 nm of approximately 1.5 (dry cell weight of 0.45 g/L).
When necessary, 0.5 mM IPTG was supplemented after inoculation.

a WT, WTApyk1, WTApyk2 and WTApyk1Apyk2. b WTApyk1/pXMJ19,
WTApyk1/pXMI19-pyk1 and WTApyk1/pXMJ19-pyk2. ¢ WTApyk1Apyk2/
PXMJ19, WTApyk1Apyk2/pXMI19-pyk1 and WTApyk1 Apyk2/pXMJI19-
pyk2. The data were derived from experiments performed at least in
three times, and the error bars represent the standard deviations

which was different from the homotetramer observed for
other Pyks (Fig. 2b).

Pyk2 was active at temperatures between 20 and 50 °C,
with a maximal activity at 35 °C (Fig. 2c). The enzyme
maintained greater than 80% of its relative activity at a pH
range between 6 and 9, with a maximal activity at pH 7.0
(Fig. 2d). Pyk2 exhibited an absolute dependence on Mn**
together with a monovalent cation. This finding was quite
different from Pykl in C. glutamicum, which only used
Mn?* or Co** as cations [16]. Among all the tested mono-
valent cations, the maximum activity of Pyk2 was detected
in the presence of 5 mM Mn** and 100 mM K*. When
NH;, Na*, or Li* was substituted for K, the relative activ-
ities of Pyk2 were maintained at 73, 51, and 38%, respect-
ively (Fig. 2e).

Kinetic parameters of Pyk2

The kinetics of Pyk2 were determined with respect to
PEP and ADP as described in the Methods section (Fig. 3
and Additional file 1: Table S2). As shown in Table S2, the
Sos value of Pyk2 for PEP was 4.58 + 0.74 mM, and the
k.,; value was 5.58 + 0.53 s, which was lower than that
of Pykl [16]. The k., value of Pyk2 for ADP was 4.36 +
0.22 s, and the Sy5 value was 0.33 £ 0.03 mM (Fig. 3b);
this latter value was 4.71-fold higher than that of C. gluta-
micum Pykl (0.07 mM), which indicated that Pyk2 had a
relatively lower affinity for ADP compared to Pykl.

The kinetic properties of Pyk2 in response to different ef-
fectors were determined to understand its allosteric regula-
tion. In the presence of 5 mM FBP (Fig. 3c), the S5 of
Pyk2 for PEP was dramatically decreased to 217+
0.12 mM and the k_,, value was increased to 7.67 + 0.26 s,
which demonstrated that Pyk2 was dependent on FBP acti-
vation. However, glucose-6-phosphate (G6P) had no signifi-
cant effect on the Sy5 and k., of Pyk2 (Additional file 1:
Figure S2a). In addition, there was no significant effect of
AMP on the Sy5 and k., of Pyk2 (Additional file 1: Figure
S2b). The kinetic properties of Pyk2 were similar to E. coli
PykF and different from C. glutamicum Pykl, which was
activated by AMP [1]. Moreover, ATP had an inhibitory ef-
fect on Pyk2 because the k., for PEP decreased to 2.09 +
0.10 s (Fig. 3d). In addition, in the presence of citrate
(CIT), the sigmoidal nature of the activity curve increased
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Fig. 2 Enzymatic properties of Pyk2 from C. glutamicum. a SDS-PAGE of purified Pyk2. Lane 1, supernatant of crude extract from E. coli BL21(DE3)/
pET-28a; Lane 2, supernatant of crude extract from E. coli BL21(DE3)/pET-28a-pyk2; Lane 3, Pyk2 purified by His-tagged affinity chromatography;
and Lane 4, Pyk2 purified by ion exchange chromatography. b Molecular weight determination by gel filtration chromatography. The molecular
weight of a protein could be determined from the calibration curve (plot of K,, versus the logarithm of molecular weight). The K, value was calculated
from the measured elution volume using the following equation: Ky, = (Ve — Vo)/(Ve — Vo), where V. is the elution volume, V,, is the column void volume,
and V. is the geometric column volume. The logarithm of the molecular weight was represented as IgMW. The standard proteins were shown as follows
(®): 1, ovalbumin (44 kDa); 2, conalbumin (75 kDa); 3, aldolase (158 kDa); 4, ferritin (440 kDa); and 5, thyroglobulin (669 kDa). The native molecular weight
of Pyk2 was determined to be a homohexamer of 430,881 (arrow). ¢ The enzyme activity of Pyk2 at different temperatures. The maximum value of 2.19
+0.09 U/mg was set as relative 100%. d Enzyme activities of Pyk2 at various pHs (The maximum value of 243 +0.02 U/mg was set as relative 100%). e
Enzyme activities of Pyk2 in the presence of various monovalent ions (The maximum value of 1.77 +0.05 U/mg was set as relative 100%). The
enzyme was incubated in 100 mM Tris-HCI buffer (pH 7.4) and 5 mM Mn?* with 50 mM or 100 mM monovalent ions. The data were de-
rived from at least three replicate experiments, and the error bars represent the standard deviations

to a Hill coefficient of 3.66 that was indicative of increased
cooperativity (Fig. 3e). Altogether, the FBP-activated Pyk2
was different from the AMP-activated C. glutamicum Pykl.

The expression of pyk2 is induced under oxygen
deprivation

Considering that the transcriptional direction of pyk2 and
the neighboring /dhA genes in the chromosome are simi-
lar, RT-PCR was performed using two primers designed

against the overlapping adjacent region of the two genes
to determine whether pyk2 and [dhA were co-transcribed.
Under aerobic conditions, a single 491 bp PCR product
was obtained, which indicated that pyk2 and ldhA were
co-transcribed as a bicistronic mRNA (Fig. 4a). The ex-
pression levels of pykl, pyk2 and ldhA in the WT strain
were then further investigated using qRT-PCR under aer-
obic and oxygen-deprived conditions. The mRNA level of
pyk2 under oxygen deprivation was 14.24-fold higher than
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that under aerobic conditions (Fig. 4b), which indicated
that pyk2 was induced at the transcription level under
oxygen deprivation. The mRNA level of /dhA under oxy-
gen deprivation was 2.61-fold higher than under aerobic
conditions, which was consistent with the observed in-
crease of ldhA expression in the WT strain under low oxy-
gen tension [21]. In contrast, the mRNA level of pykl
under oxygen deprivation exhibited a 1.65-fold increase
compared to the mRNA level obtained under aerobic
conditions.

The Pyk activities in the WT, WTApykl, WTApyk2 and
WTApyklApyk2 strains were investigated under aerobic
and oxygen-deprived conditions. The Pyk activity in the
WT strain under oxygen-deprived conditions increased by
12% compared to the activity under aerobic conditions,
which was mainly attributed to the increased expression of
pyk2 (Table 1). The deficiency of pykI resulted in a 97% de-
crease in Pyk activity; however, the Pyk activity in the
WTApyk2 strain was comparable to that in the WT strain

under aerobic conditions. In addition, there was no signifi-
cant difference in the specific glucose consumption rate
and the specific growth rate of the WTApyk2 strain com-
pared with the WT strain (Additional file 1: Table S1),
which indicated that the pyk2 gene might maintain a rela-
tively low expression level under aerobic conditions. In
contrast, pyk2 deficiency led to a 15% decrease in Pyk ac-
tivity under oxygen-deprived conditions, and Pykl could
only maintain 85% of Pyk activity in the WTApyk2 strain
compared to the WT strain. Therefore, these results il-
lustrated that the expression of pyk2 was induced and
contributed to increased whole cell Pyk activity under
oxygen deprivation.

The effect of pyk1 or pyk2 expression on the production
of lactic acid under oxygen deprivation

Pyk2 had a slight effect on Pyk activity under aerobic
conditions, and therefore, the role of Pyk2 was fur-
ther investigated in the WT, WTApykl, WTApyk2 and
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Fig. 4 Expression of the IdhA and pyk2 genes in C. glutamicum.

a Identification of the co-transcription of IdhA and pyk2 in the IdhA-
pyk2 cluster using RT-PCR. The C. glutamicum WT strain was cultured
in minimal medium with glucose under aerobic conditions. The
templates used for the PCR were as follows: lanes 1 and 4, total
RNA reverse transcribed without reverse transcriptase; lanes 2 and
5, genomic DNA; and lanes 3 and 6, cDNA. The fragments in lanes
1,2 and 3 were amplified using the primers WZ1181/WZ868 for
rpoB. In addition, the primers WZ1171 and WZ1156 were used for
the IdhA-pyk2 region in lanes 4, 5 and 6. b The relative transcription
levels of the pyk1, pyk? and IdhA genes were analyzed by qRT-PCR. Total
RNA was isolated from WT cells harvested at the exponential phase
under aerobic conditions and at 3 h cultivation under oxygen-deprived
conditions. The expression levels of pyk1, pyk2 and IdhA under different
conditions were compared against the expression of pyk! under aerobic
conditions (=1). The mean values from at least three independent
cultures are shown with the standard deviations

WTApyklApyk2 strains under oxygen-deprived condi-
tions. There was no obvious difference in the glucose con-
sumption rate; however, a significant change was observed
in the production of organic acids among these strains
(Table 1). The yield of lactic acid from glucose in the
pykl- or pyk2-deficient strains was similar, but there was a
13 and 7% decrease in the production of lactic acid in the
WTApykl and WTApyk2 strains, respectively, compared
to the WT strain. The production of lactic acid in the
double mutant decreased by 22%, and the yield further
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decreased by 23%. In contrast, the variation tendency of
production of succinic acid was opposite to that of lactic
acid. Compared to the WT strain, the production of succi-
nic acid was 1.68 and 1.97-fold higher in the WTApyk2
and WTApykl strains, respectively. In addition, the titers
of acetic acid were lower in the three mutants. These re-
sults indicated that pykI or pyk2 deficiency decreased the
generation of lactic acid and increased the formation of
succinic acid.

Pykl or pyk2 was overexpressed in the WTApyklA-
pyk2 and WT strains to determine their effects on the
production of organic acids. Complementation of the
WTApyklApyk2 strain with pykl and pyk2 resulted in a
lactic acid production that was comparable to that of the
WT strain (Table 1). Pyk activity was restored to a similar
level as the WT strain. Furthermore, the titers of acetic acid
in the three mutants were not significantly different from
those of the WT strain. However, the overexpression of the
pykl or pyk2 gene produced a 20 and 17% increase in the
production of lactic acid in the WT strain, with 1.90 and
1.87-fold higher Pyk activities, respectively. In addition, the
production of succinic acid was significantly decreased, and
the production of acetic acid was increased in the mu-
tants. Therefore, the overexpression of either pykl or
pyk2 increased the production of lactic acid under oxy-
gen deprivation.

Fed-batch lactic acid production of the pyk2-
overexpressing strain

Because both Mn>* and K* are necessary for Pyk2 activ-
ity, the effects of the concentrations of MnSO, and KCl
in the medium on the production of lactic acid were in-
vestigated in the WTApykl/pXMJ19-pyk2 strain under
oxygen deprivation. The production of lactic acid was
enhanced by increasing the concentration of Mn** and
reached the highest level of 160.97 + 1.11 mM with a
yield of 82.95+0.91% at 1 g/L MnSO, (Fig. 5a). The
production of lactic acid was improved and then grad-
ually decreased with increasing concentrations of KCl
(Fig. 5a). The highest concentration of 158.38 + 3.57 mM
with a yield of 81.76 £ 1.31% was obtained in the pres-
ence of 3 g/L KCl. These results demonstrated that the
activation of Pyk2 activity by Mn** and K* contributed
to the increased production of lactic acid.

Fed-batch fermentation was performed in a 7.5 L fer-
menter to estimate the production of lactic acid at the opti-
mal cation concentrations. The WTApykl strain produced
454.04 +5.55 mM of lactic acid with the productivity of
18.86 + 0.21 mM/h (Fig. 5b and Table 2). To determine
the distribution of carbon flux towards organic acids, the
yields were expressed as a percentage of the theoretical
yield (100% represented 2 mol of lactic acid, succinic acid
or acetic acid per 1 mol of glucose consumed) [22, 23]. In
the WTApykl strain, 65.60 + 1.76% of the carbon flux was
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Table 1 The production of organic acids by C. glutamicum strains under oxygen deprivation®

Strains Glucose Lactic Succinic Acetic Lactic acid Pyk activity

(mM/h) acid (mM) acid (mM) acid (mM) Yield (9%)° (mU/mag)“
WT 2846 +0.56 126.18+1.70 22594165 5.17+0.05 73.90 +0.99 47106 £ 6.61 (418,56 £ 6.54)*
WTApyk1 27.72+0.28 109.90 + 4.00% 4449 +0.88* 589+091 66.09 +241* 69.98 £ 5.00% (11.34 + 042)*
WTApyk2 29.75+0.11 117.30+231% 3802 +0.82* 535+£0.76 65.71+129* 402.29 + 8.98* (406.87 £ 14.69)
WTApyk1Apyk2 2883+£0.38 9880+ 1.11*  4783+086* 6.06+0.64 5712+064*  ND (ND)
WTApyk1Apyk2/pXMJ19 2951 +043 99.17 £2.31% 4945 £ 1.69* 4.40+1.80 56.02 + 1.30% ND
WTApyk1Apyk2/pXMJ19-pyk1 29.81 +£0.85 12729+ 357 2842 +3.13* 630+£2.19 7116 £1.99 47294 +£21.29
WTApyk1Apyk2/pXMJ19-pyk2 29.69+1.20 12877 £2.22 29.11+£5.13% 6.23+207 7228 +1.25 442.72 £ 10.64
WT/pXMJ19 29.63+0.56 12544 +4.00 2759+ 0.76* 672+1.16 70.56 +2.25 486.38 +31.68
WT/pXMJ19-pyk1 3278 +0.74* 150.98 + 2.94* 13.37 £0.14* 12.78 £1.29* 76.77 £ 1.49% 926.55 + 63.96%
WT/pXMJ19-pyk2 33.58+0.28*% 146.17 + 3.20% 19.20 +1.27* 1538+ 0.89* 72.54£1.59 91145+ 31.86%

*The cells were suspended to a final dry cell weight of 10 g/L in 100 mL of CGXII medium with 100 mM bicarbonate. The values were analyzed after 3 h under
oxygen deprivation. The data were derived from experiments performed at least in three times, and the error bars represent the standard deviations

PThe yields were calculated as a percentage of the theoretical yield (100% represented 2 mol of lactic acid per 1 mol of glucose consumed)

Pyk activities were measured under oxygen deprivation as described above. And the values in parentheses show the Pyk activities at the exponential growth

phase under aerobic conditions. ND, not detected

*significant differences between WT and mutants under oxygen deprivation analyzed by t-test (P < 0.05) were marked. And the differences of Pyk activities of

strains between aerobic and oxygen-deprived conditions are also shown (P < 0.05)

directed to lactic acid, and 25.10 + 0.40% was directed to
succinic acid. When the pyk2 gene was overexpressed, the
specific glucose uptake rate of the WTApykl/pXMJ19-
pyk2 strain increased by 25%, and the lactic acid produc-
tion reached 669.03 + 15.59 mM (60.27 + 1.40 g/L) (Fig. 5¢
and Table 2). The lactic acid production rate of the
WTApykl/pXMJ19-pyk2 strain increased by 48% com-
pared to the WTApyk! strain. Furthermore, 77.82 + 2.24%
of the carbon flux was directed to lactic acid, and 10.57 +
0.24% was directed to succinic acid. Taken together, these
results demonstrated that the overexpression of either
pykl or pyk2 increased the carbon flux into lactic acid for-
mation under oxygen deprivation.

Discussion

Pyk is an important control node in response to changes
in glycolysis and energy charges. Two isoenzymes of Pyk
have been found to be subjected to allosteric regulation
by different effectors in E. coli and S. cerevisiae [1, 8]. C.
glutamicum was assumed to possess only one Pyk with
higher activity compared to other bacterial Pyks [14, 16].
In this study, Pyk2 was identified as a functional isoen-
zyme in C. glutamicum. Because Pyk2 was Mn** and K*
co-dependent, marginal Pyk2 activity was detected in
the pykI-deficient mutant in the absence of the K" cat-
ion. This indicated that the binding of K might induce
the conversion of Pyk2 from the inactive conformation
into the active conformation [24]. Our results confirmed
that Pyk2 was activated by FBP despite the deficiency in
the C-terminal domain containing the binding sites for
the allosteric effector FBP in other Pyks [2, 25]. Conse-
quently, we inferred that C. glutamicum Pyk2 might
utilize a distinct allosteric mechanism that differed from

other known FBP-activated Pyks. In C. glutamicum, the
different allosteric activators of Pykl and Pyk2 made them
subject to distinct metabolic regulation mechanisms simi-
lar to the regulation of the two isoenzymes in E. coli and S.
cerevisiae [1, 8]. Under oxygen deprivation, the restriction
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
a glycolysis rate-limiting enzyme, might result in the accu-
mulation of FBP [12], which activated Pyk2 to direct the
metabolic flux of pyruvate towards the formation of lactic
acid. The allosteric effect of Pyk2 resulted in a regulatory
role in pyruvate metabolism under oxygen deprivation.

The pyk2 and ldhA in C. glutamicum were co-transcribed
under aerobic conditions; therefore, pyk2 followed the com-
plicated regulatory mode of ldhA, which was subjected to
dual repression under aerobic conditions mediated by the
global regulator SugR and the special regulator LIdR [17,
18]. SugR-mediated primary repression of ldhA and pyk2
transcription was relieved in the presence of sugar to induce
lactic acid formation. In turn, the generated lactic acid alle-
viated the LIdR-mediated repression to enhance the tran-
scription of ldhA and pyk2 [26]. However, the mRNA level
of pyk2 was significantly higher than the mRNA level of
ldhA under oxygen deprivation, which indicated that pyk2
had a different transcription mode.

Under oxygen deprivation, C. glutamicum produces
organic acids such as lactic acid, succinic acid and acetic
acid from glucose with cell growth arrested [27]. The de-
letion or overexpression of two pyk genes had a signifi-
cant influence on the production of organic acids. The
deficiency of pyk2 led to a decrease in the production of
lactic acid and an increase in the synthesis of succinic
acid. Moreover, the overexpression of pyk2 promoted
the formation of pyruvate and the production of lactic
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Fig. 5 Lactic acid production by C. glutamicum strains under oxygen
deprivation. a The effects of MnSO, and KCl on lactic acid production
by the WTApyk1/pXMJ19-pyk2 strain. The cells were suspended to a final
dry cell weight of 10 g/L in 100 mL of CGXIl medium with 100 mM
bicarbonate. b Fed-batch production by the WTApyk1 strain under
oxygen deprivation. ¢ Fed-batch production by the WTApyk1/
pXMJ19-pyk2 strain under oxygen deprivation. For the fed-batch
fermentation experiments, the cells were suspended to a final dry
cell weight of 20 g/L in 3 L of CGXII medium with 100 mM bicarbonate.
The data were derived from experiments performed at least in three
times, and the error bars represent the standard deviations
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acid, whereas the metabolic flux from PEP towards oxaloac-
etate might decrease and led to decreased synthesis of succi-
nic acid. Under oxygen deprivation, when the availability of
pyruvate was decreased, the redundant PEP was redirected
to synthesize succinic acid by PEP carboxylase, which was
the predominant anaplerotic enzyme [10, 28, 29]. Our find-
ings confirmed that C. glutamicum regulated the synthesis
of lactic acid and succinic acid by Pyk and PEP carboxylase
to maintain the intracellular NADH/NAD" equilibrium
under oxygen deprivation [27]. Therefore, our results sug-
gested that Pyk is a key factor that influences the formation
of lactic acid in C. glutamicum under oxygen deprivation.

Furthermore, Pyk2 homologs had been annotated in the
genomes of Corynebacterium, Mycobacterium, Geobacil-
lus, etc. The ldhA-pyk2 cluster has been found in many
representative Corynebacterium species (Additional file 1:
Figure S3). A transcriptional unit composed of several
genes encoding enzymes involved in the catalysis of re-
lated metabolic reactions has been proposed to be an ef-
fective means to rapidly adjust bacterial metabolism under
different conditions [30, 31]. These results support the hy-
pothesis that lactate dehydrogenase and Pyk2 might be
interdependent and play an important role in diverting
the metabolic flux into lactic acid formation in C. glutami-
cum under low oxygen tensions. Therefore, the evolution
of the ldhA-pyk2 cluster for lactic acid synthesis grants C.
glutamicum more metabolic flexibility in response to en-
vironmental changes.

Conclusions

In the present study, we identified that Pyk2 is a novel
pyruvate kinase in C. glutamicum and has significantly dif-
ferent biochemical properties than Pykl. The catalytic ac-
tivity of Pyk2 was allosterically regulated by FBP activation.
The allosteric behavior of Pyk made it an important switch
point for the regulation of the glycolytic carbon flux distri-
bution. Pyk2 and ldhA were co-transcribed as a bicistronic
mRNA under aerobic conditions. However, the mRNA
level of pyk2 in the WT strain was increased under oxygen
deprivation and pykI or pyk2 deficiency decreased the pro-
duction of lactic acid. The overexpression of either pykl or
pyk2 increased the activity of Pyk and the production of
lactic acid. The fed-batch fermentation of the pyk2-overex-
pressing strain resulted in increased lactic acid production
than the parent strain, which indicated that overexpression
of Pyk redirected more carbon flux into lactic acid produc-
tion under oxygen deprivation.

Methods

Bacterial strains, plasmids, and media

The strains and plasmids used in this study are listed in
Table S3 (Additional file 1: Table S3). E. coli EC135 [32]
and BL21 (DE3) (Novagen, Germany) were used for the
gene cloning and the recombinant enzyme expression
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Table 2 The production of organic acids by C. glutamicum strains in fed-batch fermentation®

Strains Glucose Lactic acid Lactic acid productivity Yield® (%)

(mM/h) (mM) (mM/h) Lactic acid Succinic acid Acetic acid Total
WTApyk1 1438+027 45404 +555 1886 +0.21 65.60+1.76 25.10+ 040 320+0.18 9390 +234
WTApyk1/pXMJ19-pyk2 17.92+050 669.03 +15.59 27.88+0.65 7782 +224 1057 +£0.24 7.70+0.68 96.10£3.16

*The cells were suspended to a final dry cell weight of 20 g/L in 3 L of CGXIl medium with 100 mM bicarbonate. The data were derived from experiments
performed at least in three times, and the error bars represent the standard deviations
PThe yields were calculated as a percentage of the theoretical yield (100% represented 2 mol of lactic acid, succinic acid or acetic acid per 1 mol of

glucose consumed)

experiments, respectively. The E. coli strains were aerobic-
ally grown at 37°C in Luria-Bertani medium [33]. The C.
glutamicum wild-type strain ATCC 13032 (WT) was rou-
tinely cultivated in brain heart infusion (BHI) medium
(37 g/L brain heart infusion with 91 g/L sorbitol) at 30°C
for the genetic disruption and complementation experi-
ments [9]. The antibiotic concentrations were 50 pg/mL
kanamycin and 20 pg/mL chloramphenicol for E. coli, and
25 pg/mL kanamycin and 10 pg/mL chloramphenicol for
C. glutamicum.

Culture conditions

For the aerobic growth experiments, pre-cultures inocu-
lated from agar plates were aerobically grown in 50 mL
of CGIII medium with 4% glucose in 500 mL shake
flasks on a shaker at 220 rpm for 12 h [34]. After washing
the cells with CGXII minimal medium without carbon and
nitrogen sources, the C. glutamicum strains were inocu-
lated in 50 mL of CGXII minimal medium in 500 mL
shake flasks with an initial optical density of 600 nm of ap-
proximately 1.5 (dry cell weight of 0.45 g/L) and incubated
at 220 rpm [35]. A total of 100 mM glucose or 100 mM D-
ribose was added as the carbon sources. The growth of the
strains was assessed by measuring the ODgyo. When neces-
sary, 0.5 mM isopropylthio-B-D-galactopyranoside (IPTG)
was supplemented after inoculation.

For the oxygen-deprived growth experiments, the C.
glutamicum strains were pre-cultured as described above
for the aerobic growth experiments [34]. The cell sus-
pension was harvested by centrifugation at 8000 x g and
4°C and washed with a CGXII minimal medium without
carbon and nitrogen sources. The washed cells were sus-
pended to a final dry cell weight of 10 g/L in 100 mL of
CGXII minimal medium with 100 mM bicarbonate in
150 mL lidded bottles and incubated by preventing aer-
ation and gentle agitation [10]. Oxygen deprivation was ob-
tained using N, flux. The pH was maintained at pH 7.0 by
adding ammonia. Under oxygen deprivation, the growth of
C. glutamicum was arrested. The effects of Mn** or K™ on
fermentation were studied using MnSO, (0-2 g/L) or KCl
(0-15 g/L) supplementation. For the fed-batch fermenta-
tion experiments, pre-cultures inoculated from agar plates
were aerobically grown in 1 L shake flasks on a shaker at
220 rpm for 12 h. Afterward, the cells were harvested by

centrifugation at 8000 x g and 4°C, and washed with
CGXII minimal medium without carbon and nitrogen
sources. The washed cells were resuspended at a final dry
cell weight of 20 g/L in 3 L of CGXII minimal medium with
100 mM bicarbonate and 222 mM glucose in a 7.5 L fer-
menter (New Brunswick BioFlo 115, Germany). N, flux
was flushed to maintain oxygen deprivation. When needed,
50% glucose was continuously fed to maintain the residue
glucose between 0 and 50 mM. The strains were incubated
at 30°C and 200 rpm, and the pH was maintained at 7.0
using a pH controller with automatic addition of an ammo-
nia solution.

Construction of plasmids and strains

Total genomic DNA of the WT strain was extracted ac-
cording to previously described methods [36]. The oligo-
nucleotides used in this study are shown in Table S4
(Additional file 1: Table S4). For the gene disruption ex-
periments, the upstream and downstream homologous
fragments were amplified using PCR with the primers
WZ539/WZ540 and WZ541/WZ542 for the pykl gene,
and WZ545/WZ546 and WZ547/WZ548 for the pyk2
gene. The amplified DNA fragments were spliced using
overlap extension PCR and ligated into the suicide vector
pK18mobsacB [37]. The plasmids were verified by DNA
sequencing and then transformed into the WT strain
through electroporation to generate the WTApyk! strain,
which was further verified by sequencing. Similarly, the
pyk2 gene was disrupted in the WT and WTApyk! strains.
The C. glutamicum and E. coli shuttle vector pXMJ19 was
used for the gene overexpression studies. The replication
origin of this vector was derived from that of pBL1 with a
cryptic low copy number [38]. For the gene complementa-
tion experiments, the C. glutamicum strain was trans-
formed by the plasmid pXM]J19, which contained the intact
pykl and pyk2 genes. To induce the expression of the pykl
and pyk2 genes, 0.5 mM IPTG was supplemented.

Expression and purification of Pyk2

The pyk2 gene was cloned into the vector pET-28a and
expressed in the BL21 (DE3) strain. When the ODgg
reached 0.6, the cells were induced with 0.1 mM IPTG at
16°C and harvested by centrifugation after the ODgq( reach-
ing 4.0. The cells were resuspended in buffer (20 mM Tris-
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HCI (pH 7.5), 150 mM NaCl, and 10% glycerol) and then
disrupted by sonication. The supernatants were collected
by centrifugation at 12,000 xg for 30 min at 4°C. The
recombinant Pyk2 was purified using Ni**-affinity chroma-
tography (GE Healthcare, USA). The eluted protein solu-
tions were concentrated by ultrafiltration (Merck Millipore,
Germany). Subsequently, the protein solution was applied
to a Resource Q column (GE Healthcare, USA), which
was equilibrated with a standard buffer (20 mM Tris-
HCI (pH 7.5), 1 M NaCl, and 10% glycerol). The frac-
tion was pooled and concentrated for further analysis.
The eluted protein solution was incubated with thrombin
(Merck Millipore, Germany) in 1x PBS (pH 7.3) at 22 °C
for 16 h, which efficiently cleaved the N-terminal His-tag.
After the cleavage reaction, the reaction mixture was
eluted through a Ni**-affinity column to remove the His-
tagged thrombin. The molecular mass of Pyk2 was ana-
lyzed using gel filtration chromatography on a Superdex
200 10/300 GL column (GE Healthcare, USA), which
was equilibrated with 50 mM potassium phosphate buffer
(pH 7.0) containing 150 mM NaCl. A standard curve was
determined based on the elution volumes of the protein
standards (GE Healthcare, USA). The purity of the puri-
fied Pyk2 was determined by SDS-PAGE. The protein
concentrations were determined by the Bradford method
using the Bio-Rad Protein Assay Reagent (Bio-Rad, USA).

Enzymatic activity and property determination

The assay for Pyk activity was based on changes in the
absorbance of NADH at 340 nm coupled with the L-lac-
tate dehydrogenase [39]. The reaction mixture contained
100 mM Tris-HCl (pH 7.4), 5 mM MnSO,-H,0O, 5 mM
PEP, 2 mM ADP, 100 mM KCl, 0.2 mM NADH, 6 units
L-lactate dehydrogenase, and the enzyme in a total vol-
ume of 0.5 mL. To avoid a decrease in L-lactate dehydro-
genase activity at extreme conditions (pH and temperature),
the amount of L-lactate dehydrogenase was increased to 15
units. The reaction was initiated by the addition of PEP, and
the decrease in the absorbance at 340 nm was monitored
by a UV-visible spectrophotometer (Unico, USA). One unit
of activity was defined as the amount of enzyme that con-
verted 1 pmol of PEP to pyruvate per min at 25°C. To de-
termine the effect of the pH on the enzyme activity, various
buffer systems (pH 5.0-9.5) were used at 100 mM. The
optimum temperature of Pyk2 was determined at tempera-
tures ranging from 20 to 70°C. To exclude PEP hydrolysis
with increasing temperatures, the relative Pyk2 activity was
calculated by subtracting the background. The effects of dif-
ferent cations on Pyk activity were assayed by replacing
Mn** with 5 mM or 10 mM of other cations (Mg**, Cu*",
Co**, Ca®*, Ni**, Zn>*, Ba®*, Fe**, Fe®* or AI**) or replacing
K" with 50 mM or 100 mM of monovalent cations
(NHz, Li*, or Na*). The enzyme activity was also measured
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without any cations. The data were obtained from three in-
dependent experiments.

Analysis of kinetic properties

The enzymatic activities were assayed using various con-
centrations of PEP and ADP under conditions identical
to those described above. To determine the kinetics, the
PEP concentration was varied with the concentration of
ADP at 2 mM, or the ADP concentration was varied with
the concentration of PEP at 5 mM. The effects of the vari-
ous effectors tested on PEP were assessed with 2 mM
ADP. The formation of the product was linear throughout
the period. The data were fitted to an allosteric sigmoidal
kinetic model using Prism software (GraphPad, USA). The
Sos (the substrate concentration giving one-half of V,,,,)
and ny (Hill coefficient) values were calculated. The k.,
value was calculated according to the Vi, and the sub-
unit molecular weight of 67,572 Da. All data were ob-
tained from at least three independent experiments.

Analytical methods

Glucose was measured with an enzyme electrode glucose
sensor (SBA-40D, Shandong Province Academy of Sci-
ences, China). The dry cell weights of the C. glutamicum
strains were calculated as one optical density unit at
600 nm to 0.3 g dry cell weight/L [40]. The specific growth
rate p (1/h) was estimated using a linear regression. The
biomass yield (Yx/s) was deduced from the individual bio-
mass and glucose balancing, and the specific glucose up-
take rate (qs) was calculated from the specific growth rate
and the biomass yield [41]. Organic acids were determined
by high performance liquid chromatography equipped
with an SB-Aq column (4.6 x 250 mm; Agilent Technolo-
gies, USA) at 210 nm. Mobile phase A (20 mM KH,PO,,
pH 2.3) and mobile phase B (acetonitrile) were at a ratio
of 95:5 [42]. To measure the enzyme activity, the cells
were resuspended in the indicated buffer (100 mM Tris-
HCI pH 7.5 and 10% glycerol) and disrupted by ultrasonic
treatment at 4°C. The enzyme activity was monitored by
measuring the changes in the NADH concentration at
340 nm. For Pyk, the reaction mixture was used as de-
scribed above with 5 mM FBP. The Student’s t-test was
performed with SPSS software to determine whether the
difference was statistically significant.

RNA preparation and RT-PCR analysis

Total RNA was isolated from the cells with the RNAprep
Pure Cell/Bacteria Kit (Tiangen, China). The cDNA from
approximately 300 ng of RNA was prepared using the spe-
cific primers listed in Table S4 (Additional file 1: Table S4)
and the FastQuant RT Kit (Tiangen, China). The rpoB
gene, which encodes RNA polymerase 3 subunit, was used
as the reference gene [43]. The primer pair WZ1171 and
WZ1156 was used to amplify the ldhA-pyk2 region in the
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RT-PCR. Genomic DNA was used as a positive control in
the PCR reactions. RNA reverse transcribed without re-
verse transcriptase was used as a negative control to ex-
clude DNA contaminants in the RNA preparation.

The qRT-PCR (quantitative reverse transcription-PCR)
was performed with the GoTaq qPCR master mix (Pro-
mega, USA) in a 20 uL mixture using the LightCycler 96
Real-Time PCR System (Roche, Switzerland). The data
analysis was performed using the LightCycler 96 software
(Roche, Switzerland).

Sequence alignment

Database searches and sequence comparisons were per-
formed with the BLAST programs at the BLAST tool on
the National Center for Biotechnology Information
website (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple
sequence alignments were generated with the CLUSTAL
X program [44]. Alignment of the secondary structures
was produced using the high resolution X-ray crystallo-
graphic structure of E. coli PykF (PDB code 1PKY) as the
template and ESPript 3.0 (http://espript.ibcp.fr/ESPript/
ESPript/) with default settings.

Additional file

Additional file 1: Table S1. Growth kinetics of the pyk mutants on
glucose under aerobic conditions. Table S2. Kinetic parameters of the
Pyk2 for substrates. Table S3. Strains and plasmids used in this study.
Table S4. Primers used in this study. Figure S1. The map positions of
the pyk genes and the multiple alignment of the Pyk sequences. Figure S2.
Kinetic parameters of Pyk2 with respect to PEP at a concentration of 5 mM
G6P (a) or AMP (b). Figure S3. Conservation of pyk2 gene and adjacent
genes in species of the Corynebacterium and other species. (DOCX 651 kb)
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